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ABSTRACT 


A new radio direction finding system has been proposed 
which offers advantages over current systems in the areas 
of bearing accuracy and simplicity of antenna design 
ш- сит тешелосе Грис system phase codes the outputs of a 
medear array Of omnidirectional antennas, and then combines 
these time-separated signals so that the sequences produced 
uniquely determine the signal arrival angle. A correlation 
process using matched filters is performed on the resulting 
sequences in order to determine the corresponding arrival 
angle. 

Resolution of the inherent ambiguities of the system, 
eue го elevation angle and adjacent quadrant azimuth compo- 
nents is demonstrated using a two-array technique. A 
computer simulation of the phase coding/decoding process, 
using an idealized signal model is used to evaluate the 
performance of the system for various input noise conditions, 


array lengths, and input signal parameters. 
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l. INTRODUCTION 


IS TATEMENT OF THE PROBLEM 

Іп order to determine the geographical location of a 
сло frequency-emitter, its emissions must be detected and 
processed simultaneously by two or more radio direction 
finding (RDF) systems. The unambiguous determination of 
the angle of arrival (AOA) of RF energy received from a 
target transmitter enables each RDF system to generate a 
line-of-bearing along the Poynting vector associated with 
the transmitted energy. Ideally, the lines-of-bearing can 
then be plotted on a chart containing the known locations 
BERNARD, Sites, and the point of intersection, or the 
area enclosed by three or more lines-of-bearing, will 
indicate the approximate transmitter location. 

miewacciracy With which a target transmitter can be 
located by such an operation depends upon many factors. 
me number and precision of the individual AOA measurements, 
and the relative positions of the transmitter and RDF sites 
are probably the Per important; and each ol these factors 
is, in turn, dependent upon numerous other considerations, 
both technical and non-technical. The point of intersection 
of two near-parallel lines-of-bearing (LOB) will vary 
significantly with relatively small standard deviation 
errors in either LOB, while the intersection of two near- 
perpendicular lines-of-bearing will be influenced only 


slightly by the same errors. It is obvious that additional 





AOA data, providing a wide dispersion of available lines-of- 
earings, сап greatly enhance emitter location accuracy over 
a large geographical area. 

Increasing the numberand geographical dispersion of 
uxo direction finding sites has proven very effective in 
the improvement of emitter location in the HF communications 
spectrum (2 - 30 MHz). The problem of accurate AOA measure- 
ménts 15 particularly acute in this frequency range since 
mest) Signals of interest are received via ionospheric 
propagation. The long propagation paths involved, and the 
Mn deterministic nature of ionospheric propagation, have 
ШЕ 2551 басеа the use of probabilistic techniques applied to 
multiple RDF measurements. The availability of multiple 
MR inputs from RDF sites in a coordinated net allows a 
luo processor to sort through the inputs using an 
optimization scheme, and to choose those inputs which yield 
a most probable emitter location with a minimum area of 
ambiguity. 

From a technical standpoint, the greater the number and 
dispersion of RDF Sacer the larger the statistical data 
base from which decisions can be made. However, from 
Peonomic and political standpoints, the number and placement 
of complex, large-array RDF systems for operation in the HF 
range are very limited. The development of a simpler, 
more compact HFDF system would allow the strategic placement 
of additional sites in those locations where more complex 


шиити слез do mot exist, or are impractical. 





ER STATEMENT OF PURPOSE 

ШЕСИ роБе of this paper is to investigate the feasibil- 
ШОШО a new and unique radio direction finding concept, and 
Mmemaevermine the applicability of this concept to a realizable 
ша meror operation in the HE communications range. Тһе 
fundamental concept was originally presented in the Masters 
ШЕСЕ ог R. C. Todaro [1]. The results of this original 
work indicated that the new system concept offered definite 
раеуапсаргрев over current RDF systems in the areas of bearing 
accuracy and simplicity of antenna design. 

The Specific areas of investigation described in this 
paper are: (1) a discussion and analysis of the ambiguities 
inherent to the system, (2) a qualitative analysis of system 
pEeroprmanee in the presence of background noise; and, 

(3) physical sealing of the system for operation in the HF 
frequency range. 

The remainder of this chapter contains a brief descrip- 
tion of a generalized RDF system, and a comparison of' the 
RDF systems MIS se Nater INO Contains a 
description of the new system, and a discussion of geometric 
1115165. Chapter Three describes the computer model of 
the system and the results obtained from the incorporation 


of background noise and scaling parameters. 


Cee GENERALIZED RDF SYSTEM 
Before examining any radio direction finding system for 


lts individual characteristics, it is useful to consider the 





elements basic to any system and understand how they can 
affect its performance. A block diagram of a generalized 


RDF system is shown in Figure 1-1. 


Code 
| Interpreter and 
Bearing Output 
ШИГ 


Propagation Signal 


: "| Receptor and 
SST Encoder 





Figure 1-1. A GENERALIZED RDF SYSTEM 


Це senal. source 


The signal source has only three Properrieszuhich 
will affect the operation of an RDF system. These are its 
ршасешмепс оп the earth, its transmission frequency, and its 
mee OL modulation. Its location on the surface of the 
earth will determine the great circle bearing between the 
шигпетітсег and the RDF location, but except in very simple 
cases this is insufficient information with which to predict 
шле line of bearing ТІ" from the RDF system. The trans- 
mission frequency will affect the results obtained by 
 еттпіпіпе, іп conjunction with the transmission medium, 
the mode by which the signal is sent from the source to the 
RDF site. The type of modulation will have an effect on 
those systems which compare arrival times of specific 
modulation events, or those which integrate multiple antenna 


Sweeps over each line of bearing. 
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г. Propagation Medium 


ПАР ос оно Те "тог the propagation medium to have 
шише effect on the angle of arrival of the received signal, 
but this is not normally the case. If the signal arrives at 
me RDI site by ground wave propagation, then results are 
relatively simple and easily predicted. Most of the signals 
EN terest arrive via the ionoxphere, however, so its 
effects must be taken into account. There has been a great 
deal of work done to investigate the character of the 
lonosphere, and much more remains before accurate predictions 
of the transmission path of a received signal can be obtained. 
Како расо ој сре difficulty lies in the complexity of the 
equipment necessary for measurements on the ionosphere, and 
the large amount of time necessary to complete a set of 
measurements. Since the characteristics of the ionosphere 
depend on the sunspot cycle as well as seasonal and diurnal 
menes, e complete set of measurements on à given path 
maven Ow be Obtained in less than eleven years. 

Fíaccurate transmission ð Dpabh prediction were 
available щете соса ето местоне emporter location 
process could be performed by a single-site RDF system. 

That is, azimuth and elevation AOA measurements could be 
n cd in conjunction with path prediction to compute the 
ЛО Of origin of received signals. Such a capability 
would greatly enhance the emitter location capability of a 


coordinated HFDF net. 
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DNE nol kecepuer and Encoder 


This is the first section of an RDF system over 
СП some design control can be exercised, and the choice 
шиша 5 block will determine to a great extent the accuracy 
and speed with which a line-of-bearing can be generated from 
meemreceived signal. The basic purpose of this unit is to 
sense the incoming signal, combine the proper components to 
give an output which can be uniquely interpreted as an angle 
of arrival, and present these components to a code interpreter 
MN сгашзгогшабс оп to a form suitable for display. Some of 
mmecomnon types of receptors and encoders will be discussed 
in a later section describing the RDF systems currently in 
use. 

4. Code Interpreter aná Bearing Output Unit 

In most RDF systems the functions of this section 
EI ^ tormed Jointly by an electronic indicator sub-system 
and the human operator. Ideally, the code interpreter 
enould be carefully matched to the characteristics or the 
coder so the desired ОШ ОШ ЕТ Ыла о сап ре obtained in 
the shortest time and with the highest possible accuracy. 
There is, of course, no way in which the equipment associated 
with these functions can increase the fundamental accuracy 
OT tne system to a greater degree than is allowed by the 
components of the receptor and encoder, but it should not 
degrade their performance. An exact match occurs between 
the signal encoder section and the code interpreter of the 


proposed system through the use of a matched filter technique. 
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That is, the encoding section generates a phase coded sequence 
Mitch 1s uniquely determined by the angle of arrival of the 
incoming signal. The inverse filter in the code interpreter 
which provides an exact match for this sequence will produce 

a unique autocorrelation (or cross correlation) output. 

ШЕШЕ process is described in more detail in the following 


ehapter. 


INC CURRENT RDF SYSTEMS 
There are four basic system types which are commonly 
used to determine the AOA of transmitted signals. The 
choice of which system to use in any particular application 
is determined primarily by the frequency range of interest, 
Mier degree of accuracy desired, and the type of signal 
modulation expected. These four basic types are as follows: 
1) Relative amplitude 
2) Relative phase 
|" "Time of Arrival (TOA) 
4) Doppler 
i. Relative Amplitude Methods 
By far the most commonly used RDF systems, these 
employ directional antennas whose patterns may be mechan- 
wally or electronically rotated. The line of bearing is 
then determined by observing the angular position of the 
menus (or its beam pattern) when the system response is 
either at a maximum or at a minimum value. Those systems 


which employ physically small antennas (e.g., magnetic-field 


ШЕ 





sensitive loops) mechanically rotate the antenna while 
@eeerving the system output. 

Boat which is very mùch smaller than a 
povetength has two sharp nulls in its pattern, and these 
mmie in a plane normal to the plane of the loop. 
Rotating an antenna of this type and noting the positions 
те nulls will give an indication of the bearing of the 
BMI: signal. The bidirectional ambiguity сап be resolved 
by addition of the signal picked up by a separate omni- 
што о сопа1л antenna located closely to the loop, but not 
Ese as to affect the pattern of the loop. Addition 
Ep иелапсепта outputs will produce a cardioid pattern 
uus сас пр the proper null to use for the bearing. 

The signal processing portion of this system (code 
interpreter and bearing output) consists very simply of a 
standard communications receiver whose output feeds the 
Memmect1On Circuits of a circularly swept CRT display. 
Antenna position is synchronized to the CRT sweep to 
establish a common Оа НОА ЕЕЕ ае е а еа с бегепсе 
bearing. 

ШЕ шату disadvantage of chils system is the 
relatively low overall gain of the antenna, and the fact 
агр (һе distinct feature of the pattern (null) occurs 
where the gain is at a minimum. For these reasons the loop 
antenna is ineffective in a low signal level/high noise 
environment. In addition, the loop antenna is subject to 


polarization errors. For ionospherically propagated waves, 
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faci have nearly random polarization, these errors may be 
as large as +35° making the loop antenna worthless for long 
range DF in the high frequency band [2]. 

Instead of using a rotating element, two or more 
fixed elements may be installed with their respective nulls 
symmetrically spaced. These individual elements may be 
loops, pairs of monopoles (thereby minimizing the polariza- 
tion error mentioned above), or any structure which will 
produce a "figure-eight" pattern with distinct nulls. The 
outputs from these elements are combined in a special motor/- 
transformer in which they are connected to symmetrically 
spaced stator windings. A rotating pickup coil (rotor) acts 
Ese the secondary winding, and its output is fed to the RDF 
receiver. The amplitude output of the receiver can then 
be compared with the mechanical position of the rotor of 
the transformer, or goniometer, and the bearing of the signal 
obtained. Bidirectional ambiguities can be resolved by 
пошао sancardioid pattern as “ian the rotating loop system. 

While the figure eight patterns of the individual 
elements have relatively broad beamwidths, the combining 
action of the goniometer produces a sharper "propellor" 
pattern with a beamwidth inversely proportional to the 
Amber of individual element pairs. This allows the use of 
the maximum gain portion of the array pattern for determin- 
ation of AOA. However, in order to achieve good figure 
eight patterns, small aperture elements (much less than a 


wavelength) must be employed. Therefore the array still 
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Misa low overall gain characteristic. In addition, the 
EN аре теба еерее severely limits the number of 
non-interacting antenna elements which may be used to com- 
рсе the array. This limits the factor by which the overall. 
antenna pattern beam width may be reduced, and, in turn, 
Ноа Che angular resolving capability of the array. 

In order to improve the gain and bearing resolving 
@apabilities of relative amplitude RDF systems, large 
aperture arrays have been developed. These arrays are 
ШО ју composed of a large number of individual antennas 
шасасей би the periphery of a symmetrical structure, ordi- 
ші а Circle, and connected Co a goniometer which feeds 
a single channel receiver. The code interpreter/bearing 
ши рис section of this system is similar in design and 
Bperation Бо that associated with the simple spinning loop 
system. 

The large aperture RDF arrays that are most commonly 
in use today are of the Wullenweber design. This is a 
mban circular array, each section of which contains 
a ndependent concentric array of vertical monopoles, and 
a circular reflecting screen. Two or three concentric 
sections, each with different numbers and sizes of active 
monopole elements, are designed to cover overlapping portions 
of the HF communications spectrum. The outputs from each 
of the individual antenna elements are fed to a capacitive 
coupled goniometer, which utilizes discrete rotor and stator 


pickup plates instead of inductively linked coil windings. 


ШО 





use of capacitive coupling, required by the large 
Denber Of individual antenna elements, enables the code 
interpretor/bearing output section to take full advantage 
phe fine-gprain resolving capability of the antenna array. 
The goniometer forms a very narrow array beam from a set of 
HO pickup plates located on the rotor, with these 40 plates 
feeding delay lines that act to compensate for the physical 
Ewccure of the array and transform it into an equivalent 
linear (broadside) array. 

The Wullenweber can thus produce a very narrow 
rotatable beam providing resolving power of approximately 
3°. However, in order to achieve this resolving power, up 
to 120 separate antenna elements are required for each 
ieeauency range, and the physical dimensions of the array 
commonly exceed 1000 feet in diameter and 200 feet in 
height. Therefore, the array and its associated transmission 
ШЕ суссеп is a very complex and expensive structure. 

larvan мав systems, regardless of array 
size, have the disadvantage that they are not instantaneous. 
That is, the amount of time the narrow array beam spends at 
Peeme azimuth angle is a small fraction of its total rota- 
tional period. This can produce erroneous and misleading 
results with signals of short duration such as on/off keyed 
pulse transmissions. The scan rate may be increased to 
overcome these errors, but a corresponding increase in the 
RDF receiver bandwidth is required in order to recover the 


rapidly sampled signals. Therefore, the maximum scan rate 
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ateo by tne receiver bandwidth necessary for good 
co-channel discrimination (selectivity). 
2. Relative Phase Methods 
These systems utilize the measured signal phase 
шип тегепсе between a airectiondi antennas to determine 
Ate oí arrival. This phase difference is given by the 


equation: 


2nScos 0 (radians) 


-©- 
li 


ипеге, 
d = antenna separation along the baseline 
А = wavelength of incident wavefront 


6 = angle of arrival, measured from the baseline. 


uH -.obvaocus that. assuming а given accuracy in 
phase measurements, the accuracy with which the AOA can be 
determined (i.e., the resolving power of the system) is 
Pieeater for larger values of the ratio 3 When > ШЕ) оазе па 
pnancunity, however, there ова. рога о оао ЕО су Of 2T, 
ог а multiple of en, in the measured phase angle, and there 
will not be a unique solution for the AOA. 

Eroviding thart = is not too large however, the 
Aer native solutions are well separated, and it is gener- 
ally possible Пало паше есеја бека оле to select the most 
probable [3]. For example, the approximate wavelength, or 


range of wavelengths, of the incident signals can be 


determined from the tuned frequency of the RDF receivers, 
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le the separation (d) is a fixed constant. Simple logic 
ту сап бе епрјоуеа to associate a range of values of 
phase shift with corresponding frequency bands of the 
Mmeccel vers. 
An additional ambiguity results when the incident 

nal wavefront has a non-zero elevation angle component 
to ionospheric propagation. The phase difference 

meron will contain an additional cosine factor of the 
vation AOA, and the one-equation/one-unknown situation 

I no longer apply. The requirement for an additional 
sured parameter to uniquely determine both elevation anda 
muth angles of arrival necessitates the use of a second 
n-collinear) antenna pair. The second antenna pair is 
meyeplaced orthogonally to the first, resulting in a 
Mealy symmetric array. Since the elevation angle 
Ме пао. be considered in the proposed new system, 
ЖЕГӘГІС will be discussed in more detail in Chapter II. 
mae Signal processing portion of the relative phase 

tem utilizes two TE LR one for EU cenna pair; 

ТЕ outputs of these receivers are feed to a sum and 
ference unit which accurately adás and subtracts the 
Mees and rotates the phase of either the sum or the 
Terence by 1/2. The resultant sum/difference signals 

Mm Grive orthogonal deflection plates of a CRT display 
Mins achieving the effect of a goniometer rotating 
the intermediate frequency of the receivers. The display 


tern produced by this technique is an ellipse with the 
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azimuthal line of bearing along its major axis. This signal 
meocessing scheme produces cancellation of the effects due 
to elevation angle of arrival. 

A system of this type is difficult to build and 
maintain because of the extreme requirements on the perfor- 
mance of the receivers. Both channels must be phase and 
gain matched over the operating range in order to maintain 
the amplitude and phase relationship between the received 
signals. In addition, the frequency range that can be 
covered with a given antenna spacing is limited. The 
receiving, amplifying, and phase comparison portions of the 
system can be designed to cover a wide frequency range. 

But the antenna system cannot in practice be made to cover 
a range wider than about four to one in frequency if 
adequate resolving power without too many ambiguities is 
to be obtained [3]. 

3. Time of Arrival Methods 

The time of arrival (TOA) technique requires the 
measurement of a given modulation event at two known antenna 
locations. This modulation event may be the crest. of a 
sinusoidal modulation signal, or a specific point (leading 
or trailing edge) of a pulse signal. This technique is 
frequency independent and, thus, does not experience the 
wavelength/antenna separation ambiguities inherent to the 
relative phase technique. However, elevation angle compo- 
nents produce ambiguities Just as in the relative phase 


technique. 
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The TOA method is analogous to the relative phase 
method in that antenna baselines are established, and gain/- 
Ш matched receivers must be used in the signal processing 
BER bilion. 

ШІ Doppler Methods 

The Doppler principle of wave motion can be applied 
especially constructed antenna system to determine the 
mere of arrival of a signal [4]. If an omnidirectional 
Eu nua is rotated at a fixed rate in a circular Оа e 
Signal at the antenna output will be a frequency modulated 
representation of the incident signal. The peak frequency 
ша астоп of this signal will be: 


= Rw 
АЁ = = 


where 
C is the speed of propagation (meters/sec), 
R is the path radius (meters), and 


още пенто бар оли rave (radians/sec.) 


шазишахт шут frequency deviations will occur when the antenna 
is moving directly MTR ic pat ive Af) or directly toward 
(positive Af) the emitter. Although this mr 15 ПО: 
affected by elevation angle components of the incident 

B> oni peak deviation frequency will be diminished 
by the cosine of the elevation angle and may reduce the 


resolution capability of the system. 
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Iw лс се the antenna would not be physically 
Bocated; instead a ring of omnidirectional antennas would 
be constructed and a capacitively coupled goniometer would 
sample each element. The main difference between this 
technique and the Wullenweber system is that the Doppler 
technique samples individual low gain elements while the 
Wullenweber forms the equivalent high gain beam pattern 
of a 40-element broadside array. 

Wie primary disadvantage of this system is that it 
requires a circular array several wavelengths in diameter, 
thus precluding its use in the lower end of the HF frequency 


range. 
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ІІ. А МЕМ RDF SYSTEM 


fee BASIC DESCRIPTION 

Оше direetion finding technique has been proposed 
kristne finite difference between arrival times 
of distinct modulation events as an incident RF plane wave- 
Bent propagates along a linear antenna array. Although 
Mc me ot arrival concept is not new, the technique by 
which signals are processed, coded, and interpreted to 
extract angle of arrival information is considered to be 
marque. [1] 

Basically, the technique involves the binary phase 
coding and correlation of the time separated antenna outputs. 
mae correlation of these coded signals in matched filter 
mace produces a time-compression of the signals, causing 
ии бо arrive at the filter output at the same point in 
Dome. When this occurs, a unique correlation output is 
 оапсей. Depending on the choice of phase codes utilized, 
this unique output may be either an amplified replica of the 
original input signal (autocorrelation), or it may be a 
ARS tinet null (crosscorrelation). 

NENNEN racteristác of this process which enables the 
determination of arrival angle is the one-to-one relation- 
ship between AOA and the particular matched filter configura- 
mom wiich produces this distinguishable output. In practice, 


MgenwouLputs form a bank of matched filters, constructed to 
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match a range of arrival angles, would be scanned for this 
meee output. The filter producing that output would 
B pond directly to a particular arrival angle. 

The technique outlined above makes use of a special 
class of binary codes called complementary sequences. The 
time correlation of these sequences in matched filters will 
meeauce a unique output which is free of the coding noise 
prevalent with all other discrete binary codes. Before 
describing in detail the application of these codes to the 
о уссет, however, a brief discussion of general phase 
NEP techniques is considered necessary for continuity. 
H fore, these techniques, and the specific advantages of 
Ми етепсаку sequences, are presented in the following 


section. 


В. PHASE CODING TECHNIQUES 

Phase coding techniques were first used (in communica- 
tions systems) to improve the range a of pulse 
radars. While not relevant to the topic of this paper, 
fois utilization И банана сос р оу Пес а вгарла о девсгір- 
mon of general coding techniques and an example of their 
application to an actual system. 

Two parameters of a transmitted radar signal may be 
Ded in order to increase the total RF energy illuminating 
a radar target. These are the peak pulse power, and the 
pulse duration. The peak power of the transmitted pulses 


may be increased by utilizing higher power amplifiers in 


24 





ши сгапзша ссег оцбрис збарве. However, this has proven 
ПИС сіепгс Ггоп а power standpoint, since many radar 
Mecer tubes are peak power limited while operating at 
Sanya Small fraction of their average power capabilities. 
The average power output of these tubes may be increased by 
ЕП пр Che transmitted pulses. However, this too has a 
Grawback because the range resolution capability of a pulse 
Eur 1S inversely proportional to pulse width. 

As a result of this dilemma, intrapulse modulation 
techniques were developed so that pulse widths could be 
increased without sacrificing range resolution. The most 
Common example of intrapulse modulation is the "chirping" 
 РПІсе compression system in which the НЕ carrier frequency 
Of Gach pulse is swept between fixed limits during its trans- 
mission. The received pulses are then passed through a 
matched filter whose response characteristic (delay versus 
frequency) is the exact inverse of the transmitted pulse 
characteristic (frequency versus time). This allows all the 
frequency components of the wide reflected pulse to arrive 
EN "-cooutput simultaneously, resulting in a much narrower, 
amplified pulse signal to the detector stage. Phase coding 
Ene transmitted pulse is another technique of intra- 
puse modulation. 

The phase coding technique utilizes a discrete process 
bo encode pulses so that each return pulse, when input to a 
matched filter, causes discrete, coded segments of the pulse 


Wemerrive at the output simultaneously. Each radar pulse is 
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(ей іпго "n" equal time segments, and a coded sequence 
of "phase states" is assigned to these segments. The states 
determine the phase relationship between the RF carrier 
Eun» that segment, and a fixed phase carrier reference. 

If the only allowable phase states in each segment are 0° or 
180°, then the coding is termed binary phase coding. 
Although multiphase coding schemes have been devised and 
used in certain applications, only binary phase coding will 
ШЕ С15с15сес here. 

A representation of a binary phase coded pulse is shown 
ure 2-1(a). The RF carrier is divided into seven 
equal time segments, vith each segment assigned a plus (+) 
EM nus (-) phase state. The phase state values are here 
defined as no carrier phase reversal (+) and a 180% carrier 
phase reversal (-). A unit amplitude is assumed for the 
pulse. 

ое а Бег which provides an exact match for this coded 
pulse is shown in Figure 2-1(b), where the discrete delay 
units are equal to the pulse segment durations and the (+) 
and (-) phase reversals occur in reverse order from the 
transmitted sequence phase states. In a physically realizable 
filter, the discrete time delays would be produced by delay 
fines or electronic delay (и а пао тала Еге phase control 
would be provided by buffer amplifiers with inverting or 
non-inverting outputs. For this example, the buffer/phase 


control devices are assumed to have unity voltage gains. 
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Figure 2-2 is a time diagram showing the output waveforms 
at the intermediate points "a" through "g", and the final 
summation output waveform. 

Mere are two characteristics to be noted about this 
Ж ЕПС. First, it contains a narrow main pulse that is 
delayed n-l time units from the leading edge of the received 
pulse. Since this narrow, main pulse would be utilized by 
the radar receiver's detector and timing circuits to deter- 
ШИЕ Тагсес range, this delay must be compensated for. 
шока. there are undesired secondary pulses in the output 
Vv Torn Which might appear to the radar receiver as excess 
noise or false targets. 

There are other codes, called pseudo-random noise codes, 
Lech will produce smaller secondary pulses than those 
produced by the (randomly selected) code utilized in this 
example. However, all single-sequence coding schemes of 
this type produce a certain amount of "coding noise", as 
ШО е Secondary pulses are called, and therefore exhibit a 
finite MET ue s15991-65-noise Patio: 

There is a meunod. however, which will completely 
Саби пасе the coding noise, although it requires the simul- 
taneous transmission of two distinct coded sequences. These 
EE led complementary sequences, were first utilized 
BM. JJ. E. Ð E Ne e loor mml CIS lit spectrometry. 
Since then, they have been utilized in various radar and 


sonar system designs. Golay mentioned in 1961 that these 
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sequences might be applied to data transmission [5], and 
there has been some work toward that end [6]. 

сас: аса! сі work has gone into the investigation of 
properties of complementary sequences, ana the methods by 
Which they may be generated. However, only the basic 
maeieeveriStics of these sequences will be presented here. 
For more detailed studies, the reader is referred to 
Bemerences 5 and Y listed at the end of this paper. 

comp rementary sequence pair is defined to be a pair 
of equally long binary sequences which have the property 
that the number of pairs of like digits (or elements) with 
any given separation in either sequence is equal to the 
number of pairs of unlike elements with the same separation 
in the other sequence. 


For example, considering the following sequences 


A: – – – + – – + – 


ЕЕЕ ЫЕ 


the number of like elements in A with separation distances 


of one element is three: 


A: "ase or c 
Еи... 3 like elements 


The number of unlike elements in B with separation distances 


of one element is also three: 


B: – – – + + + - + 
НД а 22... 3 unlike elements 
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шиш the number of like elements in A and the number 
of unlike elements in B for all separation distances are 


listed below: 


Separation Distance # Likes in A # Unlikes in B 
2 5 3 
3 | Ц 
Ц 2 2 
> 2 2 
6 i р 
7 1 ЈЕ 


Golay has shown [5] that the sequence lengths must 
Days be an even number, and must be the sum of TM squares. 
Ше хашр е, Епе possible sequence lengths up to 50 are: 
ии LO, 16, 18, 20, 26, 34, 36, 40, and 50. He has 
SO. shown [5] that 20 complementary sequence pairs (some 
identical) can be generated by performing the following basic 
Seeracions on a given sequence pair: 


1. Interchanging the sequences 
Berersiıng the order of the first sequence 


Reversing the order of the second sequence 


2 

D 

I amp tementane the elements of the first sequence 
D Complementing the elements of the second sequence 
6 


. Complementing the even-order elements of both sequences 
An example of a pair of complementary sequence coded 
Ases being processed by a matched filter pair is shown 
in Figures 2-3 and 2-4. The input pulses, utilizing comple- 
mentary sequence codes of length eight, are shown in Figure 


2-3(a). The pulses and their matched filters, shown in 
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Figure 2-3(b), are labeled 'A' and 'B' respectively. The 
оса trom these matched filters, and the final combined 
AUEput., are shown in Figure 2-4. This final output waveform 
Ns” the signal processing advantage of this coding scheme. 
Neto teal energy content of both received pulses has been 
compressed and combined into a single narrow pulse with an 
amplitude gain factor of twice the code length. In addition, 
memocomplete cancellation of all undesired coding noise 
indicates that an infinite processing signal-to-noise ratio 
can be obtained with this technique. 

Када system applications, this property allows trans- 
mitters to be operated at high average power levels while 
ines pulses with high frequency ЕЕ П О а 
bnansmitted energy and range resolution goals may be met. 
The price that must be paid for this advantage is the 
 Гезсесй complexity of the signal generation, transmission, 
and detection components. 

The signal coding/decoding process illustrated above may 
also be described in mathematical terms. If we let а, апа 
b; be the elements of any pair of n-element binary sequences 
(taking on OS +1 or -1), and let 8. and b. be the phase 
ФЖС ІІ portions Of their corresponding filters, then the 


ШЕГІ Беппепсев trom the filters can be represented by: 


n-j 1 
о; = жаа т 
d - b 5. 
E C 11) 
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where the subscript "j" takes on integer values from -n+1 


шани- 1 and, by definition: 


И 
O 


37% 
d_j = а. 
The summation equations represent a discrete convolution 

Ж ИЕ ПЕ рпасве codes and their respective filter codes, 
resulting in correlation of the two sequences. In the case 
where the filters have "matched filter" characteristics 
e., а; = а.) then the sequences are said to be auto- 
correlated. These statements apply to any pair of equal- 
length binary sequences. Then if the input sequences 
zed are a complementary coded pair, and matched filters 


meemused, the following conditions apply: 


E EU 0 for j # 0 


с = Fda is 2: Гор уе о 


This is a mathematical desicion ne final output 
Eenoce obtained in the process illustrated above. The 
final summation terms, Sps are zero for all values except 
ј = 0, which corresponds to the main pulse output during the 
eighth time segment. 

A second useful property of complementary sequences is 
that, for each sequence pair, there is an "orthogonal" pair 


which produces a unique crosscorrelation output. That is, 


1 





me output sequences с; апа а, obtained by correlating a 
EM "smentary sequence pair with its corresponding orthogonal 


Mall be described by the relation: 
БИСЕ тта = 0 Пао пене ле де - со: |). 


Ms process would not be useful for pulse radar or data 
Eu u5mrisslon systems, since the processed signal has Zero 
En -ude for all values of time. However, the cross- 
St ion output is applicable to the RDF system, since it 
wnn des a unique correspondence between the angle of arrival 
and the signal processor output. 
ШО репегасіоп of an orthogonal sequence TRAE given 
што етепСсагу sequence utilizes four of the six basic 
EE cons described earlier in this section. The generation 
algorithm, shown below for an eight-element complementary 
sequence pair, is given by French [6] in his Master's thesis. 
(1) Given a pair of complementary el 
Ав--- + -- + - 
B | - | а: 
(2) Perform operation #1 (interchange sequences): 
Езера 


В! 


EE с 
(3) Perform operations #2 and #3 (reverse the order of 


the sequences): 
AI += += = – = = 


pum 
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(4) Perform operation #4 (complement elements of A"): 


v F a H H 
p"! = — = = = + 2 = = 
Млеци | сапе sequence pair A''', B''' is orthogonal to the 


original sequence pair A,B. 

example of the crosscorrelation process, utilizing 
orthogonal complementary sequence pairs, is shown in Figures 
2-5 and 2-6. The phase coded pulses in Figure 2-5(a) 
utilize the eight element complementary sequences A and B. 
The correlation filters, shown in Figure 2-5(b), utilize 
mmemorcnogonal sequences '''A''!' and '''B''t, The outputs 
from these filters, as shown in Figure 2-6, add to zero for 
A values of time. 

Wath Chis introduction to complementary sequence coding 
ап арріісасіоп to signal processing, the basis is 
eem Dl ished for its application to the proposed RDF system. 
C. APPLICATION OF COMPLEMENTARY SEQUENCE CODING TO AN 

IDEALTZED RDF SYSTEM 

As previously mentioned, the phase coding method of 
determining the angle of arrival depends upon the time 
difference between antenna responses in a linear array. 
This time difference is a unique function of the inter- 
antenna spacing, and the arrival angle of the wavefront. 
This is illustrated in Figure 2-7(a), in which a single 
rectangular RF pulse is assumed incident ue a four element 


array. 
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The rectangular RF voltage pulses induced at the antenna 
outputs are separated in the time domain by a shift (At) 


given by the equation: 


i 


o |o. 


At cos Ө 


where, 

а 15 the antenna spacing, 

re une Propagavion velociry of the wavefront, 
and vers the arrival angle of the Poynting vector 


associated with the wavefront. 
Figure 2-7(b) illustrates the relative time spacing of the 
E uced HF voltages, with the output of antenna number one 
Hen as a reference. For a signal incident upon the 
antenna system at an arrival angle of zero (along the array 
baseline) the time difference will be equal to the maximum 
propagation time between antennas. The time difference 
Will reduce to zero as the arrival angle increases to the 
point where it is normal to the array baseline. 

The type of antenna used in the array is not a critical 
ПОР in the RDF operation of the system; any omnidirectional 
antenna can be used. However, the antennas should be identi- 
cal in their electrical characteristics (pattern, gain, and 
impedance), and they should be sufficiently separated to 
шап те mutual coupling. 

The first step in the phase coding technique is the 


transformation of these time shifted signals into a pair 
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of complementary sequences that can be interpreted by 
pushed filter decoders. The basic hardware necessary for 
this process is shown in Figure 2-8. Each antenna feeds 
Bear output multicoupler device which can provide both a 
normal phase output and an inverted phase output (relative 
to the input signal). The outputs from these devices are 
Ши титеа so that their phase states form a complementary 
EUenee pair. For this reason, the array length must 
correspond to one of the possible complementary sequence 
code lengths (2, 4, 8, 16, 18, 20, etc.). The four element 
ИТ was chosen here for simplicity. 

After phase coding, the output signals corresponding 
to each of the complementary sequences are combined in two 
meet Channels and applied to a code interpreter. The 
meen interpreter consists of a pair of correlation filters 
which, when perfectly matched to these input signals, 
produce unique autocorrelation (or crosscorrelation) Ери ЕБЕ 

To illustrate the phase coding aná decoding processes 
in more detail, oe four element array is used with an 
incident wavefront at an arrival angle of zero degrees. 
The complementary sequences are identical to those in 
Figure 2-8, and an idealized rectangular RF pulse is assumed, 
with a pulse width equal to twice the inter-antenna propa- 
gation delay (25). To simplify the present example, it is 
also assumed that the phase reversal and summing operations 
ша преггогтмей ас the carrier frequency of the Encomung 


се Sipnal, and that no other signals are present. The 
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E ucal requirements for signal preselection, and inter- 
ЕНІ discrimination circuits are considered in a later 
КООШ ОП of this chapter. 

Based on the above conditions, the signals at the 
antenna outputs would be as shown in Figure 2-9. The output 
 апгеппа number one is again chosen as a reference, and 
Pen & B outputs of each antenna correspond to the channels 
Шо which the phase-coded outputs are combined. For 
convenience, the peak carrier amplitudes of the wave forms 
БЕРЕ погпаі1:есй to unity, and upward or downward pointing 
arrows are used to indicate their respective phase states. 
An upward pointing arrow indicates a non-inverted output, 
апа а downward pointing arrow indicates an inverted output. 
Men” tnese individual antenna outputs are grouped and then 
added in an ideal linear (and lossless) summer, the resultant 
ориг waveforms are assumed to be as shown in Figure 2-10. 

It should be noted that the amplitudes and phases of 
these idealized waveforms are based on the assumption that 
the antenna DUES Areco пева пи си ресгјес. carrier phase 
cancellation (1809 phase difference) or perfect phase rein- 
forcement (0% phase difference). To assume that perfect 
phase matching occurs for all possible values of time differ- 
ence (and, therefore, for all possible values of relative 
phase difference) is a questionable assumption. That is, 
perfect 180° or 0° matching between phase coded antenna 
осе will occur only for those arrival angles which 


produce phase differences that are multiples of Zt. 
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However, the waveforms in Figure 2-10 do provide a 
simplified illustration of the basic phase coding/decoding 
Aene applied to the RDF system. Іп addition, it will 
be shown in the following section that the relative carrier 
ИШСЕ differences between individual antenna outputs do 
Eu Тес the validity of the overall process so long as 
шшензпепай 5 аге combined in a linear device and the principle 
of superposition can be applied. 

Returning then to this simplified example, the coded 
and summed signals occupying channel A and channel B are 
Бити арр11еа to correlation filters which are configured 
Сопота in Figure 2-11. The filters consist of discrete 
delay devices (or tapped delay lines) and dual output 
buffer devices with inverted and non-inverted outputs. The 
ШИ опорисв о? the buffer units are configured so that both 
memocorrelation and crosscorrelation of the coded input 
signals can be performed. For perfect filter-to-signal 
Emp, the filter time delays must equal the inter- 
antenna propagation time E cos 0). For this example, 

(6 = 0°) perfect matching requires that the time delays 
equal S, The autocorrelation and crosscorrelation filter 
ENUDUuts are shown in Figure 2-12 for the perfect matching 
case. As in Figure 2-9, upward and downward pointing arrows 
indicate the signal phase states, and the amplitudes corres- 
pond to peak values. When the corresponding (autocorrela- 
tion and crosscorrelation) outputs of channels A and B are 


combined in a linear device, the final output waveforms will 
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РФ ЕЕЕ 5поттп іп Figure 2-13. The autocorrelation output, 
 ретгтесс filter-to-signal matching, is an exact replica 
ле original RF pulse, with a processing gain equal to 
me Бре code length. The crosscorrelation output is 
everywhere zero because of the complete phase cancellation 
of all signal components. | 

A computer model of this process has been used [1] to 
але the effect of correlation filter mismatch upon 
the autocorrelation and crosscorrelation output waveforms. 
An important result of that study was the determination 
(сре erosscorrelation output is uniquely zero for the 
Nec ly matched case, and that a very slight amount of 
mismatch will cause a rapid increase in the crosscorrelation 
ЕПС, TIt was concluded, then, that the distinct null 
ша сос produced by the crosscorrelation process could be 
m Q Co accurately determine the angle of arrival of 
incident signals. 

eae computer model utilized in that study employed the 
idealized Signal model that was assumed above, and it also 
Eumed a noise-free signal environment. In order to more 
lly evaluate the performance of the complementary sequence 
puse coding process for this paper, the computer model was 
modified to investigate the effects of background noise and 
various signal parameters. In addition, the model was 
ШО сеа to investigate the effects of array length upon the 


Ep process. A description of the model, and the results 
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ENNconelusions reached, are presented in Chapter III of 


шие paper. 


D. SINUSOIDAL ANALYSIS 

The following sinusoidal analysis of the coding/decoding 
process will show that the basic technique schematically 
meoeribed in the previous section is valid for all arrival 
angles (between 0° and 90°), and that a 0° or 180° phase 
relationship between the antenna outputs is not a require- 
Sor proper operation of the system. 

ШЕБЕР ОП: all, it is assumed that the physical constraints 
on the system (array size, phase coding sequences, matched 
filter configuration, and signal parameters) are identical 
to those specified in the previous example. However, for 
ши нпригрозе of this analysis, the arrival angle may take on 
any arbitrary value between 0° апа 90°. 

Therefore, the time differences between antenna responses 
will be 


At = cos Ө 


оо. 


иоле ге1асіуе рһазе differences will be 
cos 8 = W 5 oS n; 


where w is the carrier frequency of the incident signal. 
Now, if antenna number one is chosen as a time and phase 
шешетерпсе, then the signal voltages induced in the four 


antennas may be represented by the equations: 
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v (t) [u(t)-u(t-25) Јеов wt = uy (t)cos wt 


v,(t) = [u(t-4t)-u(t-25-4t)Jcos(wt-49) = u„(t)cos(wt-A9) 


[u(t-2At )-u(t-2. - 24t) ]cos (ut -240) 


vat) uz(t)cos (wt-244) 


[u(t-34t)=u(t-25- 34t)]cos(wt-349) 


vy (t) uy (t)cos (wt-344) 
These equations represent the signal waveforms shown in 
Figure 2-7. The gating functions u, (t) through up (t) define 
Шшен Теайтир and trailing edges of the signal pulses, which 
are of duration 2 с . These signals are then phase coded 
using complementary sequences and combined in a pair of 


linear devices so that the resultant outputs are represented 


Бу: 


Channel A: Va 1 Vo 


Channel ти Vp - у, ar Vo ~ V3 T Vy 


The composite signals Ул and уы аге then input to auto- 
ИМ tion and са ОО едГ ОП ters with discrete time 
delay segments equal to = со5 0. Since the time delays are 
equivalent to negative phase shifts (-A$) equal to E Cos 9), 


then the four correlation outputs can be represented by the 


series: 
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Channel A (autocorrelated): 


Va i + уд/-А9 + у,/-2Һ% + Уд/-ЗАф 


Channel B (autocorrelated): 


Vp = Eu - Vg/ -^9 + Уң/-2А% + у-/-3А9 


Channel A (crosscorrelated): 


1 
М, = -у 


А - UAA + Va/ -240 - v,/-3A6 


A 
Channel B (crosscorrelated): 


Ve = "Ур + Vp/ -20 + ур/-2ҺФ - Уд/-ЗАФ 


where уу/-пАф represents the composite voltage (v, or Vp) 


A 
phase shifted by an angle -пАф. For example, expanding 


V, nho produces the following equation: 


У/-п4ф = v,/-nA$ + У„/-пАф + V4/-nA$ - Уц/-пАф 
A general expression for the series terms is 


"vy /-nAó = fu, CO cos[wt = x) /-пАһф а» 


мһеге u, (t) = ult - (k-1)At] - u[t - 2 $- (k-1)4t ] 


Since the phase delay /-nAd is equivalent to the time delay 


mic, the gating function uy (t) is delayed by nAt, and becomes: 


u, (t*nAt) mU cune = ult - 2 £- (kcim-1)4t] =u CEJA 


ktn 
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Therefore, the general series term may be expressed as: 


v. /-n Aó - A coslwt - (ktn-1) Ad ] 


ШЕ арріуіпр these terms to the autocorrelation and cross- 


correlation series: 


(k=1) (k=2) (k=3) (k=4) 
Vy =u, cos (wt) - U,cos (wt-A$) — ucos (wt-2h) + uycos (wt-34¢) (n=0) 
+u,cos (wt-Ap) * u4cos (ut-240) + uycos (wt-346) - u„cos (wt-4A$) (n=1) 
+uzcos (wt-244) +uycos (wt-346) + ugcos (wt-446) — ugcos (wt-546) (n=2) 


-Чцс05(ш0-34%) +ugcos (wt-44p) +ugcos (wt-54p) — u cos(wt-64¢) (n=3) 


Ц 


= -u¿ cos (wt) +uzcos (wt-244) + llujcos (ut-346) * ugcos(ut.-140) 7 uzcos(ut.-640). 


(k=1) (k=2) (k=3) (k=4) 


Ул = +u, cos (wt ) +uscos (wt-Ap) -u,cos(wt-2A) +uycos(wt-34¢) (п-0) 


3 
-u,cos (ut-AQ) - uzcos (wt-244) +uycos (wt-346) - uscos (wt-446) (n=1) 
+uzcos (wt-244) + uycos (wt-344p) - uz cos (ot 146) * ugcos (ut -5A0) ase) 


*uycos (ut-3A0) + ugcos (ut.-140) - ugcos (ut.-546) + u cos (wt-64A¢) (n23) 


- uj cos (wt) - u;cos (wt-24¢) + Шацсов (и0-34Ф) - цосов (0Е-ЦАф) + u,cos (ut-6A0). 


E (k=2) (е3) (к=н) 
V, = -u cos (ut) - u5cos (ut.- A6) - ugcos (ut.-240) * uycos (ut.-3A0) (n=0) 


-u5cos (ut- AQ) zu cos (wt-2A$) — uycos (ut-346) * uccos (ut - 140) (a=) 


3 
+uzcos (wt-244) + uycos (w-344) +ugcos (w-446) — ugcos (wt-549) (n=2) 


-ujcos (ut-3A0) - ugcos (we-1AQ) - uccos (ut.-546) + ц.соѕ (00-64) (n=3) 


7 -uj cos (ut)-2u,cos (ut- 4$) -u4cos (wt. -246) uc cos (ut -1146) -2uccos (wt 7559) 
tu,cos (wt-646). 
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VD) (ед) (k=3) (кей) 


! 
Vp = +u, cos (wt ) +u,cos (wt-Ab) -u 


+u,cos (wt-Ab) +u 


3008 (wt-2h$) + uy cos (wt-3A) (n=0) 


cos (ut -246) - uycos (ut.-3A0 ) * u- cos (ot.-hAQ) (n=1) 


cos (wt-4A$) + ugcos (wt-546) (n=2) 


B 


+u cos (wt-2A$) + u, cos (wt--3A0) - u 


Ð Ð 
=u cos (wt-340) - u cos (wt-4A¢) + ugcos (wt-54A¢) - u_cos (wt-2h9) (n=3) 


= u, cos (wt ) + 2u,cos (wt-Ab) +u cos (wt-244) = цосов(юб-44ф) 


3 


+ 2uccos (ut.-5A0) — u4,cos(ut-6A0). 


Т 


y, when each channel's autocorrelation and cross- 


relation terms are combined, the resulting outputs will 


be: 
7. = Va + Vo = 8u, cos (wt-344) 
= S(uEt-3087 = ult - 2 а -30t])00s(ut-349) 
A 1 t 
> = Va + Уы = 0 


These equations represent the final output waveforms shown 
Мета јсаЈјју in Figure 2-13. The autocorrelation output is 
ПИ ctc replica of the incoming pulse signal, and is 
amplified by a factor of twice the code length. The gating 
Bunetion up (t) corresponds to the result in Figure 2-13 

in that the leading edge of the output pulse is delayed 

КИ те units from the initial intercept of the incident 
шишве. Also, as in the graphical example, the final 
erösscorrelation output is everywhere zero. Therefore, it 


Exconoeluded that the phase coding process is valid for all 
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arrival angles between 0% and 90%, that it provides a signal 
processing gain (in the autocorrelation mode) of twice the 
Bussen code length, and that it provides a crosscorrelation 


ис that is everywhere zero. 


E. ENGINEERING CONSIDERATIONS 

order to apply the basic phase coding technique 
Meecribed above to a physically realizable RDF system, 
certain practical problem areas must be considered. During 
gen investigation and evaluation of this technique, it 
meee ObVIOUS that several factors have a direct effect 
Men the operation of the proposed system. Specifically, 
those factors that were considered most important are: 

(1) possible sources of error resulting from angular 
ambiguities, (2) the requirement for signal selection and 
discrimination, and (3) the effect of different modulation 
Gypes on the correlation processes. The constraints and 
physical requirements which these factors place рле 
ша шоп of such a system will, in large part, determine the 
E bHIty of utilizing this type of RDF system over some 
emner type. 

The first two factors (angular ambiguity and signal 
preselection) are discussed and evaluated in this section. 
The actual design requirements that must be imposed to 
Satisfy these two areas are straightforward, and are 
Considered to be technically feasible. However, the overall 


Mea lity ог economic feasibility of these requirements 
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 берепіп, in part, upon the particular application of 
bmemoysvem, and are not addressed in this paper. Modulation 
КОСО Б аге best described and evaluated by the computer 
шосе usec to simulate the phase coding and decoding portion 
Ши сугсет. This discussion is presented in the 
following chapter. 
1. Angular Ambiguities 

ШБ now, the determination of arrival angle has 
been assumed to be a two-dimensional Problemin which one 
single-variable equation is evaluated to yield a single 
valued unambiguous solution. However, in most environmental 
Eau crlons, the direction of arrival of an incident wave- 
front will generally be composed of both azimuthal and 
elevation angle of arrival components. The additional 
 Исегасіоп of elevation angle introduces a third spatial 
dimension to the previous two dimensional problem. That is, 
the elevation angle introduces a second variable to the 
time delay equation, Som At = - cos 0 cos a, where а 
Ehe elevation angle of arrival. This additional variable 
ШЕ лае» the unambiguous determination of azimuthal angle 
from the single time difference equation. 

Furthermore, quadrantal ambiguities exist because 
ОТ (пе periodic nature of the cosine function. For example, 
maemo arrival angles of 45°, 135°, 225°, and 315° would 
Produce equal magnitude time differences between adjacent 
Arena responses. Fortunately, some differentiation 


between these responses is possible by knowing the algebraic 
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ЕГЕТЕ time differences. This differentiation can be 
@eeomplished by à system using the phase coding technique 
Meeause the chronological order in which the individual 

me nnas respond to the incident wavefront will uniquely 
ermine the composition of the phase coded sequences. 

For example, two incident wavefronts whose azimuthal arrival 
angles differ by 180° will create distinctively different 
EN с сойей веацепсев. Correlation filter pairs which are 
matched to either one of these sequences will not be matched 
mai he other. 

This can be demonstrated using the example illustrated 
in Figures 2-8 and 2-11, with the rectangular pulse approach- 
ing from 180° instead of 0°. Assuming the same phase coding 
me antenna signals, the combined antenna outputs for 
the 180° AOA signal will be as shown in Figure 2-14. When 
Bose Signals are input to the autocorrelation and cross- 
correlation filters (which remain matched for (О Аорта о) 
the output waveforms will be as shown in Figure 2-15. Com- 
пазите che respective autocorrelation and crosscorrelation 
E us from Еве channel A, and channel B filters, the final 
output waveforms will be as shown in Figure 2-16. These 
outputs indicate a severe mismatch between the coded signals 
ШО Пе correlation filters. Therefore, there is no sense 
ambiguity in the response of the system. In an actual RDF 
system utilizing this technique it would be possible to 
establish a bank of correlation filters which would respond 


ШОШ ету) to a full 180° range of azimuthal arrival angles. 
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However, There are still ambiguities created by 
azimuthal angles which produce equal (sign and magnitude) 
ame differences. These ambiguities, and the ambiguities 
created by elevation angles of arrival must be resolved by 
ENnterfterometer technique. A pair of linear arrays, 
Situated in the ground plane and separated by a known fixed 
SRI yleld distinct, simultaneous time difference 
mh: related to their respective baselines. A brief 
ЕЕЕ sis of the two-array system, which is represented in 
Figure 2-17, will show that all spatial ambiguities can be 
его “ед. 

Шаси суше difference equations which describe the 


(orthogonal) arrays in Figure 2-17 are: 


ajo 
S 


(At), cos 0. eos a 


! 


(At), - cos 0, cos a 

where the subseripted time shifts (At), and (At), are intro- 
ea by the corresponding linear arrays, and a represents 
the fixed elevation angle, which may take on any values 
between 0% and 90°. The azimuth angles 04 and 9. are related 
by the orientation of the two linear arrays. For example, 
the case of the orthogonal arrays in Figure 2-17; 


/ 


= + SÆ 
9, 9, 210 
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These three equations will yield unambiguous solutions 
Meee azimuth and elevation angles if the amplitude and 
sen of (At), and (At), Saba lermimeorn The uniqueness 
Brzchese equations can be shown using the four incident 
E Conus represented in Figure 2-17 by the vectors I, II, 
III, and IV. An arbitrary elevation angle (a) is assumed 
IE four wavefronts, and their azimuth angles are chosen 
ЕЕЕ 150, 210°, and 330° relative to the axis of antenna 
шишоет опе. The time difference equations corresponding to 


these four wavefronts are as follows: 


fase I. ME AS OSO = 300°) 


1 2 


Ð d Б а 
(At), = Wels 6. cos a = “07307 < сов а 
(At), = а сов 8, соз а - 40.50 E cos a 

2 Е 2 | C 
ease II. (6. = 150997 6, = 209 ` 
22 - — cos 8. cos о = -0.07 e cos a 

| C l " © 
Mi cos О сос a = +0.50 E cos a 

2 2 i C 

Case III: (8, = 210 6, = 120°) 

(At). = = cos 6 cos a = -0.87 z cos Q 

l l i с 
(At), = = cos B, cos a = -0.50 B cos a 

2 2 ` с 
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Case IV: (6, 2095099 9, = 240°) 
(At), = q cos 8. cos a = +0,97 e cos a 
ib C 1 ° с 
Ct) = Q cos Ө, сов a = -0,50 а cos a 
2 с 2 ў с 


Цео лема де corresponding time shifts introduced 
Dy each of the wavefronts have equal magnitudes, their | 
DE Sbpajc signs are unique pair combinations. Therefore, 
differentiation between these (otherwise ambiguous) wave- 
fronts can be performed once the algebraic sign of each time 
ЕЕЕ s known. That is, each pair of time difference 
EENUSS corresponds uniquely to a given azimuth angle and 
ENevatlon angle combination. 

It has already been shown that the "sense" and 
therefore, the algebraic sign of the time shifts can be 
шегеттіпей by the matched filter correlation process. 
Therefore, the two array system suggested here is theoret- 
ically тал ға the parameters necessary to 
locate Enn cidentinvavefront in three dimensional space. 
However, the design of a specific mechanism to accomplish 
mies 15 Not attempted in this paper. The design, modeling, 
and evaluation of a physically realizable, three-dimensional 
RDF system utilizing phase coded linear arrays is considered 


a sufficient task for additional thesis work. 
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Birna Pre-Selection 

AS in any radio frequency receiving systems, the 
ШО direction finder must be capable of electronically 
sorting through a range of operating frequencies in order 
memserect particular signals of interest, In most RDF 
тела currently in use, election and rdentcification 
Op signals is accomplished, either by a human operator or 
automatically, before the line of bearing is obtained for 
that signal. The idealized RDF system presented in this 
meer hes thus far been limited to operation in a single- 
Anal environment. However, in order to utilize the phase 
Пс сесппісие іп а realizable system capable of operating 
in a dense RF environment, signal preselection and amplifi- 
Exon functions must be incorporated into the signal 
Eueessing portion of the system. 

Ihe pre-selection method which is used almost 
universally in communications receivers is the superhetero- 
dyne technique. That is, the desired signal frequency is 
converted by means of a non-linear mixing process to some 
intermediate frequency (IF) at which narrowband high gain 
amplifiers may be used. In some cases the frequency con- 
те circuit is preceded by one or more tuned RF amplifiers 
to provide coarse frequency selection, and to improve the 
Ver noise figure. However, the overall receiver 
selectivity is determined almost entirely by the IF circuits 


employed. 
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—MWoPdersosbbDIy che superheterodyne principle to 
BResproposed RDF system, a decision must be made concerning 
Ehe frequency conversion should occur in the signal 
means and decoding process. This decision will influence 
шиенсуре Of circuits and components that would be required 
ле implementation of such a system, and in some cases 
may determine whether or not the system is operationally 
feasible. Basically, the conversion must occur at a stage 
Sresoipnal processing where it will not affect the RDF opera- 
БОП ОГ the system. There are several locations in the 
patch where frequency conversion and envelope detection 
mene take place. 

The first possibility involves the phase coding 
correlation of all input signals at the carrier fre- 
meemcy, With Signal selection, conversion, and envelope 
detection at the output of the matched filters. The detected 
Seepucs ОГ the matched filters would then be scanned for a 
aue erosscorrelatrjJon Output. This approach has been 
utilized in the discussion and analysis of the phase coded 
Breen presented thus far in this paper. The sinusoidal 
analysis in the previous section has shown that phase coding 
and matched filter correlation of signals can be performed 
Боле Carrier frequency for all arrival angles. 

The primary disadvantage of this approach is that 
the signal processing is performed at = Tow Si malelevels. 
Accurate 1809 phase inversion and amplitude balance of 


antenna outputs over a wide range of frequencies would 


Ð 





По De a very difficult requirement, considering that 
ф рпа! levels are typically in the microvolt range. These 
на! levels would be further reduced by the correlation 
filters, since most time delay devices, such as coaxial 
Sere, eClectromechanical delay lines, and acoustic surface 
Weve devices, are passive, and introduce signal losses. 

In addition, it is not clear what effect many 
different signals at various frequencies and arrival angles, 
ШИ Пауе оп the phase coding and correlation processes. 

EN cossibility of signal interactions due to circuit 

ша па пеат Сте, which are always present in active devices, 
indicates that ambiguous results or spurious responses might 
De introduced by this wide-band approach. 

This approach does have the advantage however, that 
None receiver is required. That is, the various antenna 
Signals are eventually combined into a single channel which 
Edu then be input to à standard communications receiver. 
In chis case the scanning process could be performed by 
 естопіса!іу sampling the matched filter outputs and 
feeding the samples to the single receiver. 

Bseconossiblecontircruration of the signal pro- 
ШСОТ involves the frequency conversion of signals at each 
пе antenna outputs. With this procedure, the low level 
RF signals are converted to IF signals before the phase 
coding/decoding process occurs. In this case, the single- 
signal situation may again be assumed, with the coding/decoding 
Being performed at the intermediate frequency instead of 


mee, carrier frequency. 
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This approach would seem to offer several advantages 
Merche previous wide-open front end approach. First of 
menal preselection before phase coding and correlation 
meocessing will eliminate the possibility of interaction 
between signals. Second, the noise figure of the system 
will be established by the individual array receivers, so 
mem Losses introduced by the correlation process will have 
negligible effect upon the overall sensitivity of the 
system. Finally, since the phase coding and correlation 
Ш(С655с Will be performed on high level, fixed frequency 
wals, more efficient narrowband circuits can be employed. 

The primary disadvantage of this system is that it 
meguires the use of multiple receivers, which must be gain 
ana phase matched over their total frequency range. However, 
uu! be shown in the next chapter, that the use of large 
EU 51s not necessary for good RDF resolution capability. 
Therefore, the use of short (2 or Y element) array with 
Mts approach might result in a satisfactory trade-off 
between system OS ОИ ООП ру, This approach, 
utilizing E O receivers at Gach antenna, and phase 
Sn: and correlation of signals at a fixed intermediate 
frequency, is employed in the system model evaluated (by 


computer simulation) in the following chapter. 
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Figure 2-1, Phase Coded Input Pulse and Matched Filter 
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Figure 2-2, Matched Filter Output Waveforms 
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Figure 2-3, Complementary Sequence Phese Coded Pulses and Matched 
| Filters 
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Figure 2-4, Matched Filter Output Waveforms 
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Figure 2-5, Complementary Sequence Phase Coded Pulses and Matched 


Crosscorrelation Filters 
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Figure 2-6, Crosscorrelation Filter Output Waveforms 
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Figure 2-7, Four ‘lement Antenna Array and Induced Signals 
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Figure 2-8, Antenna Output Phase Coding Scheme 
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Figure 2-9, Antenna Output Waveforms 
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Figure 2-10, Combined Output Waveforms 
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A/C - Autocorrelation Output 


C/C - Crosscorrelation Output 


Figure 2-11, Four Element Correlation Filters 
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Figure 2-12, Correlation Filter Output Waveforms 
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- Figure 2-13, Final Autocorrelation and Crosscorrelation Outputs 
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Figure 2-14, Combined Antenna Outputs for 180% Arrival Angle 
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Figure 2-15, Correlation Filter Outputs for 180” Mismatch 


68 





Autocorrelation 





Crosscorrelation 





D 2D 3D 4D 5D 6D 7D вр 


Figure 2-16, Final Autocorrelation and Crosscorrelation Outputs 


For a 180° Mismatch 
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Figure 2-17, Two Array Interferometer 
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EM MODELING 


order tO predict the effectiveness of the phase coded 
 Гесппісие іп an actual signal environment, certain 
aspects of its performance should be evaluated. As in any 
RDE system, the most important parameters by which its 
usefulness can be judged are its angular ЕВО о оте ара о 1= 
Nana its performance in a noisy environment. It has 
already been shown that an idealized two array system is 
we which can eliminate the gross bearing errors due 
to angular ambiguities. However, the basic performance 
parameters which will govern its precision are Chose inherent 
Ene individual linear arrays. Specifically, the bearing 
басу апа resolution capability of the system ís funda- 
May dependent on the precision of the signal processing 
technique used to determine time of arrival differences. 

ünePrefore a computer simulation of the signal encoding 
and decoding portion of the RDF system was employed to 
Baie its performance under noisy signal conditions, and 
to determine the effects of varying array lengths and signal 
parameters. The program was originally developed by R. C. 
Todaro in his Master's thesis [1] to test the uniqueness of 
meemcorrelation outputs for varying degrees of correlation 
filter mismatch. The original signal model used in the 
Simulation was an idalized rectangular RF pulse of fixed 
duration, and a noise-free environment was assumed. The 


output from this simulation consisted of printer plots of 
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E orbreiation and crosscorrelation outputs for various 
уа! апс1е5, апа for varying degrees of correlation 
сег mismatch. 

The correlation results obtained from the original model 
indicated that no inherent ambiguities existed for arrival 
angles within any given quadrant of the array ground plane. 
 ИШІСІОП, the crosscorrelation plots obtained, using a 
16-element array model, indicated that the angular resolution 
of the system was limited only by the precision of the 
ned filter delay units. That is, if delay lines could 
EpEwbysically realized so that their time delays corre- 
Ended to each incremental degree of arrival angle, then 


I Eresolution of the system would be +0.5°. 


A. MODEL DESCRIPTION 

шоп (пе purpose of this paper, the program was modified 
EN noduce continuous fine-grain autocorrelation and cross- 
we lation output plots from a CALCOMP plotter for varying 
noise levels, array lengths, and input signal parameters. 
The system model is identical to the graphical illustration 
Meea in the previous chapter. A single linear array was 
used, with the azimuthal angle of arrival measured from the 
baseline of the array. The signal model was modified as 
shown in Figure 3-1, to investigate the effects of input 
signal-to-noise ratio on the correlation outputs. А 
constant mouse level, corresponding to the average (or RMS) 


level in an actual signal environment, was chosen. 
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Figure 3-1.  Idealized Signal Model 


ШИЕ signal-to-noise ratio was defined as the ratio of the 


Peers signal voltage to the RMS noise voltage. 


EN рагопесегв thav are Variable, elther by choice 


of specific program data cards, or by internal adjustments 


program instructions, are as follows: 


in 


Array length (2,4,8,10,16, and 18 may be selected by 
data cards, larger arrays require re-dimensioning of 
program storage). 


Arrival angle (selected by data cards) 


Input signal-to-noise ratio (selected by two program 
Instructions). | 


ЕНСІсе сі autocorrelation Orwerosscorrelation outputs 
(selected by data cards). 


Complementary sequences (any valid complementary code 
Pepe Ma mcm loaded vila data cards, Ере filter codes 
MO AUO cor relation or erosscorrelation processes are 
automatically derived by the program). 
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DES lter/Signal matching coefficient, D (the ratio of 
uu cvicual correlation filter delay to maximum 
propagation delay At, selected by data card). 


T. Input pulse width (selected by program instruction). 
A detailed discussion of the program operation, format 
Mic data, and an instruction listing are included in 


ле appendix. 


MODEL OUTPUT RESULTS AND CONCLUSIONS 

Ne” output plots obtained from this simulation are 
Пе into three specific groups in order to show the 
effects of individual parameter changes on the overall 
 ерасіоп от the model. These groups are outlined below, 
BEEN  -— referenced to specific figure numbers, so that the 
related discussion and conclusions may be presented together 
Eu ne end of this section. All pertinent parameters are 
MHE] in the heading of each of the plots. 

ieee croup 1, Figures 3-2 through 3-41 

These plots demonstrate the effect of varying the 

input Zea Fe Morse тасзо оп autocorrelation and cross- 
correlation ошеривз И ЗЦЕ takes on values of infinity (no 
Beer), 10:1, 5:1, and 2:1. 


60307 


Fixed parameters: Arrival Angle 
Array Length = 16 
Pulse Duration = 2.0 times maximum 
inter-antenna 
Propagat ION Lime. 
For each combination of SNR and fixed parameters the matching 


Beetticient (D) takes on values of 0.900, 0.950, 1.000, 1.050 


Enc 1.100. 
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EE Group 2, Figures 3-42 through 3-56 . 
Mese plots demonstrate the effect of varying array 
MA or autocorrelation and crosscorrelation outputs. 
Array lengths of 10, 8, and 4 elements are utilized. 
Fixed parameters: Arrival angle = 60.0° 
2.0 times maximum 


inter-antenna 
propagation time. 


Pulse Duration 


For each combination of array length and fixed parameters, 
BEEENuStching coefficient takes on values of 0.900, 0.950, 
ШҮЙ 1.050 апа 1.100. 
EE Group 3, Figures 3-57 through- 3-90 
Effect of varying pulse width/antenna separation 
mero оп autocorrelation and crosscorrelation outputs. 
ве durations of 20 and 200 times the inter-antenna 
propagation time are utilized). 
Fixed parameters: Arrival Angle = 60.02 
SNR = Infinite (no noise) 
4. Discussion and Conclusions 
The plots comprising Ceoup КІ ате autocorrelatiton 
and crosscorrelation outputs for four decreasing values of 
ШЕ to-noise ratio. The first series, shown in Figures 
3-2 through 3-11, is for an ideal noise-free signal environ- 
ment. The progression of the matching coefficient from 
0.900 to 1.100 in increments of 0.05 shows the expected 
result for the perfectly matched case (D = 1.000). The 


autocorrelation output is an exact replica of the input 
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Ne With a gain factor of 32, or twice the array length. 
maemecrosscorrelation output is everywhere zero for the 
matened case. 

As the signal-to-noise ratio begins to take оп 
Meee Values, however, the crosscorrelation outputs по 
Meer exhibit a zero value for the matched case. It is 
also evident that the autocorrelation outputs exhibit 
ce signal-to-noise ratios in the presence of input noise. 
 бпрагісоп сі the matched autocorrelation outputs for 
NDA. signal-to-noise ratios of 10:1, 5:1, and 2:1 shows 
that the output signal-to-noise ratios are numerically 
РИНЕ! со the input signal-to-noise ratios. 

Me most important conclusion to be reached from 
КАШ nSt group of plots, is that the crosscorrelation 
ees still possess unique characteristics that distinguish 
ШЕШ ТГгоп the outputs of the mismatched filters, even in the 
presence of input noise. These characteristics are minimum 
amplitude and unipolar waveforms. The peak amplitudes of 
the crosscorrelation output waveforms show marked reductions 
as the perfectly matched case is reached. This characteris- 
tie is f ident Ae ne plots in Group 2 for array lengths of 
10, 8, and 4 as well. In general, for an input signal-to- 
Meese ratio of 5:1, all Ee огге: Ой outputs show an 
approximate 300% reduction in peak output as the filter 
enaracteristic progresses from a mismatched condition to a 


perfectly matched condition (regardless of array length). 
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Hie second identifying feature of the crosscorrela- 
РЕП опсорциов is their polarity. For the mismatched case the 
Soules exhibit large amplitude noise peaks of both positive 
 Перасіуе polarity. When the filters provide exact 
matching, however, the output is F пе ротагт ру. For 
the 16-element array utilized in Group 1 these unipolar 
outputs are on the positive side. An interested quality of 
ШОО unipolar outputs was noticed during the plotting of 
EN various outputs for this paper. That is, the positive 
Or negative polarity of these perfect match crosscorrelation 
Ms can be reversed by merely reversing the order of the 
то етепсагу sequences used to phase code the input signals. 
While no attempt is made here to ШІСІ this result, it is 
memenoned because it might be of value in the design of 
lu 5nizeprs for scanning the various correlation filter 
eu puts. 

It Should also be noted that the matched cross- 
wn elation outputs do not possess unipolar qualities Гог 
eel array lengths. For a о ен проте а Orosseorrela- 
tion output (with input noise) for an array length of 10, 
as shown in Figure 3-44, is bipolar. It was assumed, there- 
fore, that this characteristic is dependent upon the chosen 
code length. Not enough data is available here to attempt 
Eu further explanation of this characteristic. 

The plots comprising Group 2 are ‘autocorrelation and 
crosscorrelation outputs for array lengths of 10, 8, and 


4 elements. These plots were obtained in order to determine 
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EN ест of array length on the resolution eapability of 
EMEN tem. These plots, and those included in Group 1, can 
be used to derive an approximate maximum value of the 
solution. That is, for Mun: Co ШЕТре (СІ 9,950 
E050, which correspond to filters matched to arrival 
angles 1.7° above and below the true arrival angle, the 
@errelation outputs are indicative of a mismatched condition. 
Therefore, the resolution of the system is at most 1.72. | 
EN поцей finer resolutions are probable, and more precise 
BMS could be assigned to this parameter by comparison of 
w onal output plots, it is important to note that the 
aktion is not degraded by the shorter array lengths. 
The basic conclusion reached from these results was that a 
Eem utilizing short (2 or 4 element) arrays is technically 
ШО е. It would seem that the only advantage to be de- 
rived from using longer array lengths is the increased signal 
wo cessing gain in the autocorrelation mode. 

The plots comprising Group 3 are autocorrelation and 
meecscOorrelation outputs for pulse widths normalized to 
20 fna 200 times the maximum inter-antenna propagation time. 
fas propagation time is equivalent to the time difference 
Meuween antenna responses for a wavefront incident at an 
arrival angle of zero degrees. It is obvious from these 
plots that the resolution of the system is degraded for 
eeenals of increased duration. The crosscorrelation outputs 
аа сп were previously characteristic of the perfectly 


Ewchnedgorityter. now result for a range of filter mismatch. 
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EN 0! pulse durations this output occurs over a range of 
filter mismatches from D = 1.000 (60% match) up to D = 1.050, 
meen corresponds to an arrival angle of 58.3°. For the 200X 
pulse this range of ambiguous outputs runs from 60°, for a 
mermally perfect match, up to a matching coefficient 
@emresponding to 25.8°. This last series of output plots 
indicates that the proposed system would not be effective 


EunHnst signals with long duration modulation events. 
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AUTOCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 0,900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.3°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —- 100 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-2 
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AUTOCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 0,950 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 61.7%), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —- 100 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-3 
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AUTOCORRELATION PLOT: AOA = 60.02, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60.09), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -—— 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-4 





AUTOCORRELATION PLOT: AOA = 60,0%, FILTER DELAY = 1.050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58,30), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 


eme 
--,.2 


.,. 
iJe 


Жі 





-ц 


TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-5 
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AUTOCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 1.100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56.6°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —— 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-6 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 0,900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.3”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-7 


85 





CROSSCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61,7?) ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION - 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ~~ 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEICHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-8 
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CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60,07), ARRAY LENGTH - 216; 
SIGNAL/NOISE = INF., PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —- 100 UNITS 


EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 
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Figure 3-9 





CROSSCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 1,050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58,3°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——— 100 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-10 
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CROSSCORRELATION PLOT: AOA = 60.09, FILTER DELAY - 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56,6°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-11 
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AUTOCORRELATION PLOT: AOA = 60,0”, FILTER DELAY - 0,900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.3%), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10.0, PULSE DURATION - 2.0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-12 


90 





15] 


AUTOCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 0,950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61.7), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ~-- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3--13 
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AUTOCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 1.000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60.09), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ~~~ 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-14 
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AUTOCORRELATION PLOT: АОА = 60,07, FILTER DELAY = 1,050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58.39), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10,0, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY, 


-4 
а 
C? 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-15 
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AUTOCORRELATION PLOT: AOA = 60.09, FILTER DELAY = 1.100 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 56.69), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-16 
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CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY - 0,900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63,3°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-17 
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CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 0,950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61.7°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-18 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1.000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60,0°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 
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Figure 3-19 


of 





CROSSCORRELATION PLOT: AOA = 60,0%, FILTER DELAY = 1,050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58.3), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10.0, PULSE DURATION - 2.0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-20 





CROSSCORRELATION PLOT: АОА = 60.09, LIITER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56.69), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 10,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-21 





AUTOCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 0.900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.3°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -—— 100 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-22 
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AUTOCORRELATION PLOT: ЛОД - 60.09, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61.7°) ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —— 100 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-23 


LOT 





AUTOCORRELATION PLOT: AOA = 60.0”, FILTER DELAY = 1.000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED тей 60.0°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——— 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-22 
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AUTOCORRELATION PLOT: AOA = 60.0”, FILTER DELAY + 1.050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58,3"), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ~— 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-25 
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AUTOCORRELATION PLOT: AOA = 60.0”, FILTER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56.69), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —— 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-26 
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CROSSCORRELATION PLOT: AOA = 60.09, FILTER DELAY = 0,900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.39), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -—-- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-27 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61,77), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——— 5 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-28 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60.0°), ARRAY LENGTH = 16, 
SICNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-29 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1.050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58.3”), ARRAY LENGTH = 16, 
SIGNAL/NOISE - 5.0, PULSE DURATION - 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-30 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 56.67), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-31 
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AUTOCORRELATION PLOT: AOA = 60.09, FILTER DELAY = 0.900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63,3°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --~ 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-32 
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AUTOCORRELATION PLOT: AOA = 60.0”, FILIER DELAY = 0,950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61,7”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-33 
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AUTOCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60,07), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-34 
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AUTOCORRELATION PLOT: AOA = 60,0%, FILTER DELAY = 1,050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58,3”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --~ 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-35 
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AUTOCORRELATION PLOT: AOA = ER, FILTER DELAY = 1.100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56.67), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-36 
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CROSSCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 0.900 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 63.3”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-37 
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CROSSCORRELATION PLOT: AOA = 60.07, FILTER DELAY = 0,950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 117), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME ( HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 


EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-38 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1.000 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 60,0”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --~ 100 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-39 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58,3^), ARRAY LENGTH - 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-40 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56,6°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = 2,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 100 UNITS. 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-41 
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CROSSCORRELATION PLOT: AOA = 60.0%, FILTER DELAY = 0,900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.3%), ARRAY LENGTH = 10, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -—- 200 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 2-42 
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CROSSCORRELATION PLOT: AOA = 60.0”, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61.7”), ARRAY LENGTH = 10, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -— 200 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-43 
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CROSSCORRELATION PLOT: АОА = 60.09, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 60.09), ARRAY LENGTH = 10, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -—- 200 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 
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Figure 3-44 
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CROSSCORRELATION PLOT: АОА = 60,0%, FILTER DELAY = 1.050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58,27), ARRAY LENGTH = 10, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——- 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-45 
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CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56,6°), ARRAY LENGTH = 10, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-46 
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CROSSCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 0.900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.39), ARRAY LENGTH = 8, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 


pe —— 





с? 
с? 


wee 


~ 


n 
) 
ü 


TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 2 UNITS/DIV, 


Figure 3-47 


Коз 





CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61.7°), ARRAY LENGTH = 8, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -— 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 2 UNITS/DIV, 


Figure 3-48 


126 





CROSSCORRELATION PLOT: AOA = 60.02, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60.09 ), ARRAY LENGTH = 8, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——- 200 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 2 UNITS/DIV. 


Figure 3-49 
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CROSSCORRELATION PLOT: 


AOA = 60,0”, FILTER DELAY = 1,050 TIMES THE 


ANTENNA DELAY (FILTER IS MATCHED FOR 58.39), ARRAY LENGTH = 8, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 200 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 2 UNITS/DIV, 


Figure 3-50 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1.100 TIMES THE 
ANTENNA DELAY (FILTER 15 МАТСНЕр FOR 56.6”), ARRAY LENGTH = 8, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY. 


SUZ 


-GTZ 


-92 3 


-075 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 2 UNITS/DIV, 


Figure 3-51 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 0.900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63,3%), ARRAY LENGTH = 2, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——— 200 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV,  AMPLITUDE SCALE: 1 UNIT/DIV, 
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Figure 3-52 
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CROSSCORRELATION PLOT: AOA = 60.0”, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61.7%), ARRAY LENGTH = 4, 
SIGNAL/NOISE = 5.0, PULSE DURATION = 2.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 1 UNIT/DIV, 


Figure 3-53 
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CROSSCORRELATION PLOT: AOA = 60.0%, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60.0%), ARRAY LENGTH = 4, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——— 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 1 UNIT/DIV, 


Figure 3-54 
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CROSSCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 1,050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58.3”), ARRAY LENGTH = 4, 
SIGNAL/NOISE - 5,0, PULSE DURATION - 2,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 1 UNIT/DIV, 
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Figure 3-55 
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CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56.67), ARRAY LENGTH = 4, 
SIGNAL/NOISE = 5,0, PULSE DURATION = 2,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——- 200 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 1 UNIT/DIV. 


Figure 3-56 
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AUTOCORRELATION PLOT: АОА = 60.07, FILTER DELAY = 0,600 TIMES THE 


ANTENNA DELAY (FILTER IS MATCHED FOR 72.69), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20.0 TIMES THE ANTENNA DELAY., 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-57 
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AUTOCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 0,800 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 66.4”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-58 
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AUTOCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 0.900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.3"), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20.0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ~-~ 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-59 
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AUTOCORRELATION PLOT: AOA = 60.0”, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61.7°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-60 


156 





AUTOCORRELATION PLOT: AOA = 60.0°, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60.09), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-61 
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AUTOCORRELATION PLOT: AOA = 60,07 y FILTER DELAY = 1,050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58.39), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY, 


е 
х 


023 


oag 


gaz 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV.  AMPLITUDE SCALE: 10 UNITS/DIV. 
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AUTOCORRELATION PLOT: AOA = 60,07, FILTER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56.69), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-63 
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AUTOCORRELATION PLOT: AOA = 60,0%, FILTER DELAY = 1,200 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 53,19), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20.0 TIMES THE ANTENNA DELAY, 





TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE,  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV.  AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-64 
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AUTOCORRELATION PLOT: AOA = 60,0%, FILTER DELAY = 1.400 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 45.69), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY, 


TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --~ 400 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 
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Figure 3-65 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 0.900 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 63.3°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 20.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——- 400 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV. 


Figure 3-66 


144 





CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 0.950 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 61,7”), ARRAY LENGTH = 16, 


SIGNAL/NOISE = INF,, PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 


TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-67 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60,0°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 20.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-68 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1.050 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 58,3%), ARRAY LENGTH = 16, 
SIGNAL/NOISE - INF,, PULSE DURATION = 20.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --~ 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-69 
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CROSSCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,100 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 56,69), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 20,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 5 UNITS/DIV, 


Figure 3-70 
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AUTOCORRELATION PLOT: AOA = 60,07, FILTER DELAY = 0,200 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 84.3”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 200.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH — 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 
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Figure 3-71 
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AUTOCORRELATION PLOT: AOA = 60.0”, FILTER DELAY = 0.600 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 72,6”), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 200.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --~ 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-72 
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AUTOCORRELATION PLOT: AOA = 60.0%, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60,09), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 200.0 TIMES THE ANTENNA DELAY. 
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ТІМЕ ( HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE. AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 


TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 
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Figure 3-73 
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AUTOCORRELATION PLOT: AOA = 60,0”, FILTER DELAY = 1,400 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 45.6°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 200.0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH ——— 400 UNITS 
EQUAL ONE PULSE.  AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 
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Figure 2-74 
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AUTOCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 1.800 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 25,8°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION - 200,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH -— 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT. 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 


Figure 3-75 
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CROSSCORRELATION PLOT: AOA = 60,07, FILTER DELAY = 0,200 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 84.3°), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION - 200,0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH —-—- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV, AMPLITUDE SCALE: 10 UNITS/DIV. 
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CROSSCORRELATION PLOT: AOA = 60,0°, FILTER DELAY = 0,600 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 72,6%), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF,, PULSE DURATION - 200.0 TIMES THE ANTENNA DELAY. 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-77 
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CROSSCORRELATION PLOT: AOA = 60.09, FILTER DELAY = 1,000 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 60,07), ARRAY LENGTH = 10, 
SIGNAL/NOISE = INF., PULSE DURATION = 200,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-78 
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CROSSCORRELATION PLOT: AOA = 60,0%, FILTER DELAY = 1,400 TIMES THE 
ANTENNA DELAY (FILTER IS MATCHED FOR 45,69), ARRAY LENGTH - 16, 
SIGNAL/NOISE = INF,, PULSE DURATION = 200,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV. 


Figure 3-79 
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CROSSCORRELATION PLOT: AOA = 60,0%, FILTER DELAY = 1,800 TIMES THE 
ANTENNA DELAY (FILTER 1S MATCHED FOR 25,8%), ARRAY LENGTH = 16, 
SIGNAL/NOISE = INF., PULSE DURATION = 200,0 TIMES THE ANTENNA DELAY, 
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TIME (HORIZ) UNITS ARE NORMALIZED TO INPUT PULSE WIDTH --- 400 UNITS 
EQUAL ONE PULSE, AMPLITUDE UNITS ARE NORMALIZED TO PULSE HEIGHT, 
TIME SCALE: 200 UNITS/DIV. AMPLITUDE SCALE: 10 UNITS/DIV, 





— 
че a = 


Cee 


МЕ ~~ 
- 43 


Figure 3-80 
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ТУ. SUMMARY AND RECOMMENDATIONS 


A. SUMMARY 

The phase coding radio direction finder using comple- 
mentary sequence pairs has been evaluated with the objective 
See epplying the basic technique to a realizable model of the 
ЭЙ Сеп. A sinusoidal analysis of ‘clave carrier phase relation- 
EDS whieh exist in the various portions of the signal 
шосева has shown that the unique autocorrelation and cross- 
Eunertation outputs will be produced for any arrival angle, 
if the system is matched for that angle. 

lt was shown that the inherent ambiguities of a single 
МИЗУ System, caused by elevation angle and adjacent quadrant 
Buch components, can be resolved by using a common crossed- 
E cinterferometer technique. This technique requires that 
a set of correlation filters corresponding to a 180° range 
of arrival angles be available for each array. 

A computer model of the system was used to evaluate the 
Performance ог the signal processor under varying input noise 
23005. and for varying array lengths and signal duration 
parameters. The conclusions reached from this analysis 
indicate that the angular resolution of the system will not 
be seriously affected by the array length or input signal-to- 
ERN ratio. That is, for most input signals, the resolving 
meee bitlity of the system is dependent only ПАО Оно ита а 
and incremental differences between the time delay segments 


of the correlation filters used. However, it was also 
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determined that the duration of the signal model used for 
this analysis had a very significant effect upon the resolu- 
tion. For signal pulse widths that were large compared with 
the time of arrival difference between antennas, the resolu- 
tron Of the system was seriously degraded. As a result, it 
Was concluded that the system would not be effective against 


ENDS with this characteristic. 


В. RECOMMENDATIONS FOR FURTHER INVESTIGATION 

Since the analysis of the proposed system was based 
em@errely upon the relative time of arrival of distinct 
modulation events, and since this was shown to place a 
serious limitation on the type of modulation signals that 
рап бе processed by the system, an alternate technique 
ФР бре рпгвцей. That is, the utilization of carrier 
МЕ Се differences, resulting from the propagation delay 
between antennas, might be a more acceptable parameter to 
Mmeemravher than time difference. 

A second recommendation would be the construction of a 
више Scale model, utilizing one or two small arrays in 
order to evaluate the operation of the system in a multi- 


Signal environment. 
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APPENDIX 


COMPUTER PROGRAM 


nes computer simulation is a digital program written in 
FORTRAN IV level G. It was processed by an IBM 360/67 
system and the built in functions are those normally 
available on this system. 

mee program requires a data deck input for the specific 
complementary code used in addition to the parameters 
required to process the code. 


The following words are 


КООШ аг to this program. 


CODE1: First sequence in a complementary code 
CODE2: Second sequence in a complementary code 
ЕЕ summation Sign, used for addition of correlator 
outputs 
BEEDEG: Incremental angle shift in degrees, used to 
obtain a new value for the angle 
PE ler delay Starting Value 
ОО Т: The starting value in degrees of the incoming 
signal 
STOP: The final value in degrees of the incoming signal 
те. The starting time for the computation 
шап: The completion time for the computation 
ПӘТЕР: Incremental step for the parameter D, used to 
obtain a new value for the filter (correlator) 
delay 
NRANTS: The number of antennas in use 
SPACE: Spacing between antennas; antennas have uniform 
spacing 
КОО Computation time increment 
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TIMES: Multiplying factor used in the subprograms in 
Arde coat lie integer arithmetic and logic 


A e onc rol for suppressing data printout; do not 
Pie 


ШЕШ: Control for correlation function: if JJJ=1 then 
moss =correlate cf nov then autocorrelate 


JJJJ: Control to suppress the final plot which is a 
summary of maximum amplitude versus angle; if 
Je then do not plot 

The data deck must be assembled in a specific sequence 
Border to have the program operate properly. Additionally 
if the data is not known a card must still be loaded into 
ИШ О а deck in order not to invalidate the read instruc- 
tions. The data must be provided whether valid or not. 
The data cards are assembled as in Figure A-l. The first 
Enn the data deck is CODEl and the last is JJJJ. All 
 сагаз аге рипсһей starting in column one. GCODEl and 
ШИШЕ аге formatted floating point F4.1 and each card can 
Mare" up to eighteen entries. Each code is read from one 
card, if longer codes (greater than 18) are required then 
che read statement must be changed to read more than one 
БЕО Тог еасћ соде. NRANTS, JJ, JJJ and JJJJ are formatted 
серег” Ill and all other data cards are formatted in 
ting point F11.6. 

ties program can provide for a pulse signal input with 
Mies pulse duration equal to any multiple of the delay due 
to antenna separation. The program will automatically scale 
the built in pulse duration (W) and the antenna separation 


(SPACE) to accommodate any code length. Additionally the 
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computation time is automatically scaled in order to 
Tas all the correlation outputs greater than zero and 
БО ргоуійе for the maximum number of computations per 
meee and filter delay Sn The maximum number of 
computation intervals for a fixed angle and delay is 2000. 
ШЕИСОПес аге read into computer memory and all necessary 
Operations are accomplished in order to provide the proper 
 огтетасіоп and crosscorrelation functions as a function 
SI angle and filter delay. І? data is provided which 
is beyond the array storage set aside for the computation 
then the program will attempt adjustments in the size of the 
data. After twenty attempts with no success the program will 
pumHate and print out: DATA EXCEEDS ARRAY STORAGE... 
JOB TERMINATED. 

шие program will input all parameters, compute other 
required parameters in accordance with the inputted param- 
Eu o compute an output for a fixed time, angle and delay 
ЫН Леп step the time variable to the next increment. After 
the time КО мые has been stepped across its range the 
filter matching coefficient (D) is incremented to a new 
meee. and the output is computed for all time values as the 
ШЕШЕ Variable is again swept through its range. After the 
matching coefficient has been swept through values from its 
initial value to a final value equally spaced above D=1.000, 
the angle variable may then be incremented to a new value. 
ime outputs are then computed across the time range and the 


EN Ше range. Іп this manner the outputs of the filters 
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Meerrelator outputs) are computed for all times of пищи ае 
all angles of interest and all desired variations of the 
ши рег delay lines. 

The outputs available from this program are printer 
ШОШО Шапа fine grain continuous plots of correlation output 
К Ус пе for each and every value of angle and filter 
EN The printer plots contain all pertinent parameters 
ЛШ Calling information. 

A listing of important parameters and statements con- 
cerning the interpretation of the various control commands 
Bc l at the beginning of each computer run to aid in 
Bauvsis of the data and the plots. The maximum core size 
EOK and, due to the fine grain computation required by 
шш-преосгаш, execution time for most investigations is in 


MES to 20 minute region. 
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TYPICAL DATA DECK 


EE 0-1.0 1.0 1.0-1.0 1.0 1.0 1.0 1.0-1.0-1.0-1.0 1.0-1.0 
КООШ 0-1.0 1.0 1.0-1.0 1.0-1.0-1.0-1.0 1.0 1.0 1.0-1.0 1.0 
1.000000 
3.000000 
0.990000 
60.000000 
60.000000 
0.000000 
0.000000 
16 
2 
2 
2 
ENBDO...FIRST SEQUENCE OF THE CODE PAIR..... ( CODE1) 
CARD 2...SECOND SEQUENCE OF THE CODE PAIR....(CODE2) 
ШЫ. ООММАТТОМ 5100...................... (SIGN) 
РИ INGLE $ТЕР.......................... (DELDEG) 
MSDS... FILTER DELAY STARTING VALUE......... (D) 
NS... ANGLE START. .....oooooooooooooooooo.. (START) 
РЕ ТТІ $ТОР.......................... (STOP) 
eann... COMPUTATION TIME 5ТАВТ.............. (STARTED 
EN  ILTER DELAY ЗТЕР................... (DSTEP) 
Ш ҮШ LO. NUMBER ОБ АМТЕММА5. ................. (NRANTS) 
MALL. CONTROL FOR DATA PRINT.........oo.... (UA) 
PE 12. CONTROL FOR TYPE OF CORRELATION..... ud 
BR... CONTROL FOR OUTPUT VS ANGLE PLOT....(JJJJ) 


FIGURE A-1 
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